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Structured Abstract
Objectives: The aim is to highlight a novel three-dimensional (3D) imaging methodol-
ogy using micro- CT scans to visualize and measure bone modelling in an animal 
model. In order to validate the new methodology, we compared the 3D imaging 
method to traditional two-dimensional (2D) histomorphometry to assess growth 
changes in the jaws of a rodent.
Setting and sample population: Rodent animal models.
Material and methods: Eleven rats were obtained from a larger previously published 
study. Sixty undecalcified histological sections from the maxilla and corresponding 
high- resolution in vivo micro- CT reconstructions were obtained. Bone modelling 
changes on specific alveolar surfaces were measured using traditional 
histomorphometry. Measurements of bone growth were also obtained via 3D Slicer 
software from 3D micro- CT generated models from the same plane containing the 
histological images. Both qualitative and quantitative 3D methods were compared to 
traditional histological measurements. Quantitative agreement between methods 
was categorized as follows: poor (>150 μm), good (150- 100 μm) and excellent 
(<100 μm).
Results: Both qualitative (88.3%) and quantitative (86.7%) 3D measurements showed 
excellent agreement, when compared to histomorphometric measurements. Only 
1.7% and 5% of the comparisons exhibited poor agreement (>150 μm) for qualitative 
and quantitative methods, respectively.
Discussion: The new 3D superimposition method compares very favourably with 
traditional histology. It is likely that in the future, such methods will be used in studies 
of bone adaptation.
Conclusion: The 3D micro- CT qualitative and quantitative methods are reliable for 
measuring bone modelling changes and compare favourably to histology for the spe-
cific application described.
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1  | INTRODUC TION
Bone is multifunctional, playing roles in mechanical support, pro-
tection, mineral homeostasis and hematopoiesis. Bone histo-
morphometry has been an essential technique for understanding 
tissue- level events and bone adaptation physiology in basic and 
applied biomedical research.1-3 Histomorphometry on a bone bi-
opsy specimen has been the gold standard for clinical and patho-
logic evaluation.4 Histological assessment of bone from laboratory 
animals is routinely utilized as an outcome measure in scientific 
experiments.5 Several limitations have been associated with bone 
histology such as time and cost- effectiveness, difficulties with 
specimen preparation and sectioning. Additionally, the results are 
often limited to two-dimensional (2D) interpretations of the bone 
tissue.3,4
The use of three-dimensional (3D) technologies in biological 
and radiological imaging research has been advocated to replace 
2D systems.3,6,7 However, newer systems need to be validated 
prior to broader acceptance. Bone histomorphometry is used to 
describe bone morphology, architecture and to quantify bone 
growth.1,2 Histomorphometry applies stereological principles, 
and thus, a 2D histological section can be estimated to account 
for changes in an entire 3D structure.2 Although this mathemat-
ical method of histomorphometry and stereology can be extrap-
olated with diagnostic significance in mineralized bone tissue 
experiments, bone imaged in 3D can be better understood.2 New 
imaging techniques and corresponding analysis such as micro- 
computed tomography can offer superior visualization and also 
overcome the limitations of 2D methodologies.3,6,7A 3D data set 
can reduce the effort required for sample preparation and there-
fore offers shorter time for evaluation/analysis and importantly, it 
is non-destructive.3 Furthermore, micro- CT data sets can be sub-
jected to traditional 2D analysis should that be desired.3,6,7
Recent animal studies have attempted to validate micro- CT as 
an alternative technique to histomorphometry for bone tissue turn-
over.3,7,8 Many of these 3D studies have examined bone- implant in-
tegration.9-11 In the current study, we examine a rodent model and 
compare the qualitative and quantitative alveolar bone modelling by 
using two methodologies, traditional 2D histology and more recent 
3D imaging techniques that have been applied to human data sets.12 
Thus, the aim of this study was to examine the level of agreement 
of data obtained from high- resolution in vivo micro- CT vs those ob-
tained from traditional 2D histomorphometry, to study bone model-
ling in an animal model.
2  | MATERIAL S AND METHODS
2.1 | Study design
Eleven rice rats were randomly selected from a larger ongoing 
experiment.13 Details of the experimental design are described 
elsewhere. All animal procedures had IACUC approval. A pair of 
alizarin red and calcein green bone labels were administered i.p. The 
interval between each pair of alizarin or calcein labels was 7 days 
and the time interval between the second alizarin label and first 
calcein label was 14 weeks (Figure 1).
2.2 | Histology evaluation
To evaluate the alveolar bone modelling, the maxilla from each animal 
was dehydrated in graded alcohols and embedded in methyl meth-
acrylate for analyses of bone labels. The embedded samples were cut 
into two halves through the intermaxillary suture with a diamond wire 
saw (Delaware Diamond Knives, Wilmington, DE). Approximately 6- 8 
consecutive undecalcified histological cross- sections (~70- 80 μm) of 
the alveolar process and body of the maxilla from the molar region 
were obtained using a diamond wire saw (Delaware Diamond Knives, 
Wilmington, DE). These unstained histological sections were then 
mounted with Eukitt® (Quick- hardening mounting medium, 03989 
Sigma- Aldrich, O. Kindler GmbH & Co.) for analysis under an epifluo-
rescence microscopy. Sites of bone formation or bone arrest close to 
the alveolar crest were quantified in the histological sections using 
Bioquant (Nashville, TN) imaging software (Figure 2). Linear measure-
ments were made from a second alizarin label to a second calcein 
label, which were administered about 15 weeks apart (Figure 1).The 
time at which the second alizarin and second calcein labels were ad-
ministered also represent the time points at which micro- CT images 
were captured at T1 and T2, respectively. The measurements were 
made at the buccal or palatal alveolar crest in regions where the la-
bels were clearly visible as sharply demarcated lines (Figure 2). The 
bone growth represented the modelling activity at the alveolar crest, 
largely due to eruption of the molars and physiologic drift in the ro-
dent model.
2.3 | Micro- CT evaluation
In vivo micro- CT scans were obtained from the maxillary alveolar 
bone at two time points that corresponded to 1 week (T1) after 
the second alizarin and maximum of 14 days (T2) after the second 
F IGURE  1 Time line of the experiment. The red arrows are alizarin (0 and 1st weeks), and the green arrows are calcein (15th and 16th 
weeks) administration time points. Pre-, and post-micro-CT images were obtained at the 2nd and 18th weeks
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calcein label, that is at sacrifice (Figure 1). The images were acquired 
on a Siemens micro- CT scanner (Siemens Inveon Preclinical micro-
 CT, Knoxville, TN). All images were acquired under the following set-
ting: 36.15 μm pixel size, 401 projections, 675 ms exposure, 500 μA, 
80 kVP., with a cone angle of 14.6 degrees.
3D reconstructions of the maxillae of the rats were evaluated 
using open source software as follows: Raw binary files from the 
micro- CT imaging were imported into ImageJ (Image processing and 
analyzes in java).14 Regions of interest (limited to the maxilla from the 
scanned head) were defined, cropped in the Z- direction and saved 
as raw data. The cropped files were segmented, and 3D volumetric 
models were built by using ITK- SNAP (http://www.itksnap.org).15 
During the segmentation process, each 2D projection was visualized 
in order to obtain and generate an accurate 3D model. The volu-
metric models were then converted to surface models using Slicer 
software16 (Figure 3).
The changes in bone size and thus bone modelling between the 
T1 and T2 models were measured in the superimposed 3D surface 
models.17,18 The superimposition was obtained in two steps: (a) 
Approximation (as T1 and T2 micro- CT were obtained with different 
orientations) and (b) Voxel- based registration. The region of refer-
ence used for registration was the maxilla without teeth, eliminating 
interference from the alveolar region which is subject to growth in 
the otherwise aged animals.17
Registered 3D models were evaluated by two methods using 
tools available in the 3D Slicer: (a) Qualitatively by generating colour 
maps (Figures 3 and 4) using a landmark- based Q3DC tool (Figure 4).
(b) Quantitative/landmark measurements, whereby fiducial points 
F IGURE  2 A histological section of the first molar under 
epifluorescence examination; A, The white arrow indicates bone 
formation between the red (alizarin) and green (calcein) labels 
on the buccal alveolar crest. The fine green lines are generated 
in Bioquant Software and are the measurements of the distance 
between the two labels. The software provides one mean number 
to represent the bone growth at the alveolar crest B, Similarly, the 
blue arrow indicates bone formation similarly on the palatal side of 
the alveolar bone crest
F IGURE  3 Pre (T1) and post (T2) sacrifice 3D models. A, Occlusal view of 3D pre-treatment model. B, Occlusal view of post-sacrifice 3D 
model. Right side maxillary 2nd and 3rd molars were extracted. C, Left sagittal registered and superimposed view. D, Occlusal view of pre-, 
and post-sacrifice 3D registered and superimposed models (Voxel- based registration by Slicer software)
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were placed on the 3D models (Figure 5) to measure bone modelling 
changes. In order to define the regions of interest, the same operator 
who prepared the 2D histology sections identified identical sections 
in the 3D reconstruction. This was possible as landmarks such as the 
tooth crown and root shape could be used as references to precisely 
identify the same plane of section from the histology and in the cor-
responding 3D model. The fiducial points were marked on T1 and T2 
3D models. The 3D Slicer software was used to compute the 3D dis-
tance between the fiducial points. The qualitative/colour maps and 
quantitative/landmark measurements based on 3D surface models 
were measured twice, and the measurements were averaged.
Using the histological and 3D methods described above, 60 paired 
measurements were obtained from the histological images and corre-
sponding 3D images. The qualitative/quantitative agreement (differ-
ence in measurements) between methods was categorized as follows: 
poor (>150 μm), good (150- 100 μm) or excellent (<100 μm). The 
paired measurement from the histological sections, 3D qualitative/
colour maps and quantitative/landmark- based measurements were 
compared for agreement.
3  | RESULTS
The mean values of the histological and 3D methods and the dif-
ferences between micro- CT and histomorphometry measurements 
were obtained by subtracting the mean values obtained by histo-
morphometry from the mean value of micro- CT measurements. The 
difference in measurements between the methods revealed that of 
all measurements for qualitative/colour maps (88.3%) and quantita-
tive/landmark based (86.7%) demonstrated excellent agreement, 
with less than 100 μm differences. Within these measurements of 
excellent accuracy, 43.3% and 51.7% of the measurements showed 
less than <50 μm differences for the qualitative and quantitative 
groups, respectively. While 10% and 8.3% of the measurements dis-
played good agreement, only 1.7% and 5% of those exhibited poor 
agreement for qualitative/colour maps and quantitative/landmark 
based, respectively (Figure 6).
4  | DISCUSSION
Qualitative (colour maps) and quantitative (linear measurement) 
modelling response in alveolar bone of a rodent model was com-
pared by conventional 2D histomorphometry and 3D micro- CT 
analysis. Excellent agreement was found between the two methods. 
The evaluation of growth changes in the alveolar bone measured on 
micro- CT images were in excellent agreement and thus provide an 
alternative method to histology- based morphometry, which is the 
current gold standard.
There are few studies in the literature comparing histomor-
phometry and micro- CT.3,6,8-10,19 However, many of the studies 
F IGURE  4 Registered pre-, and post-sacrifice time points and 
colour maps/qualitative measurements. Vertical line indicates 
numerical equivalent of change in mm of every colour as a colour 
palate. Yellow is no change, and red is apposition of bone being 
above 0.125 mm of change
F IGURE  5 Landmark identification in the pre-, and post-
sacrifice 3D models. A, The representation of the location of 
histological plane of section on the pre-sacrifice 3D model. B, The 
representation of the location of histological plane of section on 
the post-sacrifice model. The thin white vertical lines correspond 
to the region and the plane of section from which the histological 
section were obtained in the animal study. C, Point number 3 is the 
alveolar crest on the pre-sacrifice model. D, Point number 4 is the 
alveolar crest on the post-sacrifice model
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were designed to reveal the response of surrounding bone tissue 
to an orthopaedic or dental implant. Gabler et al3 found a high cor-
relation between 3D micro- CT and 2D conventional histomorpho-
metric quantification of the osseointegration of titanium implants. 
Although bone cells cannot be observed in micro- CT images, there 
are advantages to assessing data three- dimensionally.8,10,19 In the 
current study, approximately 6- 8 consecutive cross- sections were 
obtained from one half of the maxilla. However, with micro- CT 
scans, it is possible to observe around 300 consecutive projections 
from the same area of interest.
In the clinical arena, superimposition of 3D data sets is becom-
ing more common.20 However, in patient images, the resolution of 
the images is ~5- 10- fold less than micro- CT. With animal studies 
and the use of micro- CT, finer resolution can be obtained to make 
measurements. Another unique aspect of the current technique is 
to the ability to observe overlaying of 3D models at two time points. 
3D regional superimposition of a bone can provide visually, quan-
titative and qualitative evaluations of transverse, vertical, and an-
teroposterior skeletal and dental changes in jaws and other skeletal 
structures.17,18
During histological processing, biological samples are sub-
jected to complex morphological deformations and staining ar-
tefacts. With the current methodology, in vivo micro- CT and in 
vivo labelling enabled a direct comparison of both micro- CT and 
histology. Hence, in vivo administered fluorochrome labels, which 
can allow for dynamic analysis of bone changes between T1 and 
T2 time points (Figure 4), and in vivo micro- CT scans at the same 
time point is part of the unique design of the current study. The 
results confirmed that over 86.7% of the measurements had excel-
lent agreement. Contrary to expectations, a number of the mea-
surements had a difference of <50 μm, which exceeded the level of 
agreement we anticipated.
3D image registration based on the correspondence of voxels, 
particularly the regional registrations, have been recently vali-
dated by using regional superimposition of cone beam computed 
tomography scans.17,18 However, there has been no application 
and thus no validation of this method using micro- CT scans. We 
do not anticipate this to be an issue as micro- CT scans have a 
~10- fold higher resolution. The current results support not only 
a reliable comparison between micro- CT and histomorphometry 
for linear measurements, but also demonstrate the accuracy of 3D 
regional voxel- based registration with micro- CT scans.
The limitations of this study are as follows: There was a minor dis-
crepancy (<1 week) between the bone labels that were measured and 
the time points at which the micro- CT scans were obtained. Given 
that the mineral apposition rate is low (<1 μm/d), this would not have 
resulted in large differences. Currently, registration and overlay of 3D 
data sets is a time- consuming process that is not fully automated. As 
computation speed increases and algorithms become more robust, 
this limitation will likely be overcome. While it is not possible to ob-
tain the exact same plane from histology and 3D images, it is likely 
that with multiple landmarks (crown, root, anatomical features), the 
plane of sections will be identical if not very close for all practical 
purposes.
5  | CONCLUSION
A novel in vivo methodology was developed to obtain qualitative and 
quantitative data representing bone growth from micro- CT images 
and to compare them to 2D histomorphometry, which remains the 
current gold standard. We found in vivo micro- CTs to be an excellent 
tool to precisely measure linear changes with appropriate software 
over time. The 3D micro- CT qualitative and quantitative methods 
are reliable for measuring bone modelling changes and compare fa-
vourably to histology for the specific application described.
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F IGURE  6 The comparison of the 
agreement between qualitative/colour 
maps and quantitative/landmark- based 
measurements. The % of values with 
agreement (difference in measurements) 
between methods and were categorized 
as follows: poor (>150 μm), good (150- 
100 μm) or excellent (<100 μm)
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